The individual-and population-level impact of household tuberculosis exposure on transmission is unclear but may have implications for the effectiveness and implementation of control interventions. We systematically searched for and included studies in which latent tuberculosis infection was assessed in 2 groups: children exposed and unexposed to a household member with tuberculosis. We also extracted data on the smear and culture status of index cases, the age and bacillus Calmette-Guérin vaccination status of contacts, and study design characteristics. Of 6,176 citations identified from our search strategy, 26 studies (13,999 children with household exposure to tuberculosis and 174,097 children without) from 1929-2015 met inclusion criteria. Exposed children were 3.79 (95% confidence interval (CI): 3.01, 4.78) times more likely to be infected than were their community counterparts. Metaregression demonstrated higher infection among children aged 0-4 years of age compared with children aged 10-14 years (ratio of odds ratios = 2.24, 95% CI: 1.43, 3.51) and among smear-positive versus smear-negative index cases (ratio of odds ratios = 5.45, 95% CI: 3. 43, 8.64). At the population level, we estimated that a small proportion (<20%) of transmission was attributable to household exposure. Our results suggest that targeting tuberculosis prevention efforts to household contacts is highly effective. However, a large proportion of transmission at the population level may occur outside the household. contact tracing; Mycobacterium tuberculosis; recent transmission; systematic review; tuberculosis Abbreviations: CI, confidence interval; OR, odds ratio.
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The individual-and population-level impact of household tuberculosis exposure on transmission is unclear but may have implications for the effectiveness and implementation of control interventions. We systematically searched for and included studies in which latent tuberculosis infection was assessed in 2 groups: children exposed and unexposed to a household member with tuberculosis. We also extracted data on the smear and culture status of index cases, the age and bacillus Calmette-Guérin vaccination status of contacts, and study design characteristics. Of 6,176 citations identified from our search strategy, 26 studies (13,999 children with household exposure to tuberculosis and 174,097 children without) from 1929-2015 met inclusion criteria. Exposed children were 3.79 (95% confidence interval (CI): 3.01, 4.78) times more likely to be infected than were their community counterparts. Metaregression demonstrated higher infection among children aged 0-4 years of age compared with children aged 10-14 years (ratio of odds ratios = 2.24, 95% CI: 1.43, 3.51) and among smear-positive versus smear-negative index cases (ratio of odds ratios = 5.45, 95% CI: 3. 43, 8.64) . At the population level, we estimated that a small proportion (<20%) of transmission was attributable to household exposure. Our results suggest that targeting tuberculosis prevention efforts to household contacts is highly effective. However, a large proportion of transmission at the population level may occur outside the household. contact tracing; Mycobacterium tuberculosis; recent transmission; systematic review; tuberculosis Abbreviations: CI, confidence interval; OR, odds ratio.
Mycobacterium tuberculosis infection is acquired predominantly through sharing air space with an individual who has active tuberculosis and inhaling droplet aerosols produced by that person. The vast majority of those infected are from impoverished populations in developing countries (1, 2) . The elimination of tuberculosis is not possible without a concerted effort to prevent the spread of the disease. Current control measures, predominately passive case-finding of diseased cases, are lowering global tuberculosis incidence rates by approximately 1% per year (3, 4) . This level of reduction in new cases of tuberculosis is, however, lower than anticipated, despite renewed efforts and increased resources (3, 4) . This modest improvement has led to calls for additional epidemiologic information that can assist in the development of programmatic measures supplementary to current tuberculosis control (5) (6) (7) (8) (9) . Targeting locations where tuberculosis is likely to spread may open up entry points for interrupting transmission (6, 10) . However, defining where transmission is more likely to occur needs further work in order to inform and target resources in future tuberculosis prevention efforts (10) (11) (12) (13) .
The spread of M. tuberculosis has long been hypothesized to occur more often in the household than in the community (14) . However, molecular epidemiologic studies implemented between the late 1990s and early 2000s have not consistently shown this (11, 13, 15) . In South Africa, investigators in several studies have found that more than 80% of total transmission was attributable to casual contact or community exposures (12, (16) (17) (18) . Conversely, results of recent studies in Uganda and South Africa have suggested that M. tuberculosis infection and disease is more likely across all ages in households than among community members (11, 15) .
To address this knowledge gap, we performed a systematic review and meta-analysis to estimate the balance of M. tuberculosis transmission among children between household exposure and community exposures to index cases. We calculated the odds of latent tuberculosis infection among studies with children in household contact with a person with tuberculosis and a community control group with no such exposure. In addition, we estimated the population attributable fraction in studies that randomly sampled from the general population in order to quantify at the population level the proportion of new latent tuberculosis infections due to household exposure to an individual with tuberculosis disease.
METHODS

Study design
We conducted a systematic review of studies that included children 0-14 years of age both as household contacts of a person with tuberculosis and as members of households in the community without known household contact with active tuberculosis. In choosing children as the primary focus of this review, we made 3 assumptions based on the epidemiology of tuberculosis. First, children are a reasonable proxy for recent tuberculosis transmission due to their young age (19) . Young children are often used when conducting large tuberculin surveys measuring the annual risk of infection, and these rates are often generalized to the community at large (20) . Because the incubation period of tuberculosis is variable and can last years (21, 22) , using adults to measure household transmission may create a selection bias that would skew any estimate of transmission to a higher rate. Second, we assumed that an infected child living in a household with a person with tuberculosis was most likely to have been infected through contact with the index case and therefore represents household transmission (23, 24) . Third, we assumed that an infected child living in a household free of tuberculosis disease must have contracted the infection from outside the household (25) .
Literature search
This review followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement for the reporting of systematic reviews and meta-analyses (Web Appendix 1, available at http://aje.oxfordjournals.org/). We first searched the literature for systematic reviews investigating M. tuberculosis infection in household contact and community control groups among children. None were found. There are 4 systematic reviews on contact evaluations, but none included control groups (26) (27) (28) (29) . We then aimed to compile all studies investigating 2 groups: children in household contact with a person with tuberculosis and children in households without known household exposure.
We searched journal articles of any study design in PubMed (MEDLINE), Web of Science, BIOSIS, and Embase electronic databases. The search approach was conducted with the help of a librarian database consultant and was updated in October 2014. Keywords in these database searches included tuberculosis, Mycobacterium tuberculosis, tuberculin, contact*, transmission, childhood contact, and household contact (full search strategies are detailed in Web Appendix 2). We did not restrict articles by publication date, and we included articles in English and Spanish. The references of multiple reviews, both systematic and descriptive, were also searched and evaluated for eligibility (19, 26-28, 30, 31 After the search and exclusion of duplicate articles, 2 authors independently screened articles by title, abstract, and text for full review and inclusion in the study. If reviewers disagreed about including an article after a screening, a third author (C.C.W.) determined the eligibility of an article for full review.
Data extraction
A data extraction form was developed and piloted (Web Table 1 ). Using this form, 2 authors independently extracted all data from eligible studies and then compared results. Again, differences in data points were resolved by a third author (C.C.W.). From each article, we collected information on the year of publication and implementation, definition used for latent infection, study design, and study setting. Characteristics extracted from index cases included method of diagnosis, total number of cases found in household, human immunodeficiency virus status, and smear grade. From contacts and controls, we collated information on age, number with latent tuberculosis, bacillus Calmette-Guér-in vaccination status, proximity to the index case, and matching characteristics between groups. We also collected national tuberculosis prevalence data from World Health Organization databases for each study conducted after 1990 as a proxy for local tuberculosis rates (32) . Studies were classified into income levels using the World Bank definitions (high-, middle-, and lowincome countries) as of 2015 (http://data.worldbank.org/news/ 2015-country-classifications). Additional data on methods and results included in each study were also extracted when available in order to compare studies (Web Tables 2-4).
Definition of key terms
Tuberculosis cases in the household were considered source cases and were eligible if diagnosis was confirmed either bacteriologically (positive on sputum smear or culture) or radiographically. Definition of household varied among the studies. We used each study's definition of household. Community controls were defined as a randomly selected household without household exposure to microbiological or radiologically confirmed tuberculosis and matched to contacts by age and location.
Studies using the tuberculin skin test to diagnose latent tuberculosis infection were included. In most studies, the criterion for a positive skin test was an induration of ≥10 millimeters when read 48-72 hours after injection. Other criteria for a positive test were used; an induration of 5 millimeters and of 8 millimeters were used once each, and a 2-step process of diagnosis was used in a large trial from India (33) . Five studies did not specify the criteria for a positive tuberculin skin test but were included in the analysis because they stipulated whether subjects had either a positive or negative skin test. One study defined a positive tuberculin skin test as an induration of ≥5 millimeters in children living with human immunodeficiency virus, and these results were classified as positive as defined in this study (34) . One study using the Heaf test was included (35) ; a grade of 3 or 4 was considered a positive test in this study. Among studies that measured latent infection rates with both tuberculin skin tests and interferongamma assays, results from tuberculin skin tests were selected and extracted for analysis. No studies measured latent tuberculosis in both household-contact and community-control groups solely with interferon-gamma assays.
Statistical analysis and heterogeneity
We estimated the odds ratios for infection in the household compared with the community for each study then combined these odds ratios using a random-effects model. A random-effects model with DerSimonian and Laird weights, equalizing the weight of the studies to the pooled estimate, was used because of the high level of heterogeneity found in the odds ratio estimates among studies (36) . Two-sided P values and 95% confidence intervals were used to assess statistical significance in all models, and the I 2 statistic was used to evaluate heterogeneity between studies (37). We stratified the analysis by prespecified characteristics of the chosen studies and then used random-effects univariable and multivariable metaregression to calculate the ratio of odds ratios and investigate causes of heterogeneity. Variables were chosen for inclusion in the multivariable model by use of the coefficient of determination, or adjusted R 2 statistic, which represents the proportion of between-study variance explained by the model. The adjusted R 2 statistic was estimated by use of the restricted maximum likelihood, and the model that explained the most between-study variance was chosen. Stata, version 12.1 (StataCorp LP, College Station, Texas), was used to perform all analyses; the metan command was used to create forest plots, and the metareg command was used to perform metaregression.
We calculated the population attributable fraction of household exposure to a person with tuberculosis. The population attributable fraction expresses the proportion of new tuberculosis infections that would be eliminated had transmission not occurred or was preempted in the household. The population attributable fraction was estimated only from studies where the control population was taken as a random sample of the community instead of purposive, neighborhood controls. Contact investigations with neighborhood control groups may overestimate the proportion of exposed individuals in a population in situations where tuberculosis disease, and hence transmission, is clustered. Therefore, we used only studies that randomly sampled the general population and calculated prevalence ratios for these studies. The following formula was used to ascertain the population attributable fraction (18, 38, 39) :
where P cases is the prevalence of exposure to household contact among cases and RR is the relative risk, represented here by the prevalence ratio. We calculated Wald confidence intervals that take into account the uncertainty around both the prevalence ratio and the prevalence of household exposure among cases (40) . Various sensitivity analyses were conducted to assess potential bias, including comparing crude and adjusted odds ratios when provided (Web Material), stratification by study design, and comparing studies from various time periods. We assessed publication bias through the Harbord test and by inspecting funnel plot symmetry (41) .
RESULTS
From our database searches we found a total of 4,079 original titles, of which 26 studies (15, 25, (33) (34) (35) met eligibility requirements and were included in the meta-analysis ( Figure 1 , Web Table 5 ). The mean number of household contacts and community controls per study was 538 (range, 191 ) and 6,696 (range, 18-106,717), respectively. The study designs included 16 case-control studies, 9 cross-sectional studies, and 1 crosssectional, secondary analysis of a randomized clinical trial at baseline (33) ( Table 1 ). There were 10 studies from Africa, 3 from Europe, 6 from the Americas, and 7 from Asia. Fourteen studies had sputum smear-positive index cases; 3 studies contained smear-negative, culture-positive cases; and 5 studies contained index cases who were both smear-and culture-negative. Four studies gave information on acid-fast bacilli smear grade (+1, +2, +3).
The overall odds ratio for infection between household contact and community control groups was 3.79 (95% confidence interval (CI): 3.01, 4.78; Table 2 and Figure 2 ). After stratification, the odds ratio for tuberculosis infection with household contact compared with community control groups was highest when the index case was positive on both smear and culture (odds ratio (OR) = 6.42, 95% CI: 4.63, 8.91; Table 2 and Figure 3 ), children were 0-4 years old (OR = 5.39, 95% CI: 3.86, 7.53), the study was implemented in the Americas (OR = 5.73, 95% CI: 3.44, 9.53), and the setting had a tuberculosis disease prevalence ≤250 cases per 100,000 (OR = 5.95, 95% CI: 1.01, 34.94) ( Table 2) .
In univariable metaregression analysis, the ratio of odds ratios was statistically higher in children <5 years of age compared with children 10-14 years of age (ratio of ORs = 1.95, 95% CI: 1.00, 3.78), smear-and culture-positive index cases versus smearand culture-negative (ratio of ORs = 4.46, 95% CI: 2.49, 8.00), and in case-control studies versus cross-sectional studies (ratio of ORs = 1.95, 95% CI: 1.17, 3.26) ( Table 3) . Compared with settings with tuberculosis disease prevalence >500 cases per 100,000, ratios of odds ratios of infection were higher in settings with more than 250 and up to 500 cases per 100,000 (ratio of ORs = 2.58, 95% CI: 0.93, 7.18) and ≤250 cases per 100,000 (ratio of ORs = 2.40, 95% CI: 0.67, 8.57), but these differences were not statistically significant.
Despite stratification, between-study heterogeneity of results remained high (Table 2) . To investigate heterogeneity further, we performed a multivariable, random-effects metaregression analysis. After adjustment for covariates, we found that the ratio of odds ratios between household-contact and community-control groups was higher among children 0-4 years old compared with children 10-14 years old (ratio of ORs = 2.24, 95% CI: 1.43, 3.51) and among smear-positive compared with smear-negative index cases (ratio of ORs = 5.45, 95% CI: 3.43, 8.64). Other study factors, such as region or study design, did not explain variance across studies (Table 3) .
We calculated the population attributable fraction of household exposure using the results of studies that included randomly sampled surveys (Table 4) as the measure of community prevalence of infection (25, 33, 44-46, 52, 53, 57, 58, 62) . The average of the probability of exposure among cases (P cases ) was 22.9, and the random-effects pooled prevalence ratio from these studies was 1.97 (95% CI: 1.69, 2.29; I 2 = 85.0%). From this, we found the population attributable fraction of household exposure to a person with tuberculosis to be 11.3% (95% CI: 9.37, 12.92). After exclusion of 2 outlier studies (57, 62) , where the probability of exposure among cases was low (Table 4) , the mean probability of exposure among cases was 28.5, and the pooled prevalence ratio was 1.98 (95% CI: 1.69, 2.33). From this data, we found the population attributable fraction to be 14.1% (95% CI: 11.6, 16.3).
Five studies (25, 33, 44, 45, 47) provided adjusted odds ratios when comparing children exposed to a person with tuberculosis in their household with children who were not (Web Table 6 ). Sensitivity analysis displayed little difference after adjustment for potential confounders. The Harbord test for publication bias was not significant (P = 0.841). Inspecting funnel plots for asymmetry also did not reveal remarkable asymmetry, suggesting minimal if any publication bias (Web Figure 1) .
DISCUSSION
To estimate the influence of household contact on tuberculosis transmission, we collected and analyzed data from 26 studies of children who were exposed to tuberculosis in the household and children who were not. Using a randomeffects analysis, we found that a child exposed to a person with tuberculosis in the household was almost 4 times more likely to have tuberculosis infection than an age-matched child in the same community but without active tuberculosis in the household. At the population level however, contact with a household member with tuberculosis accounted for a relatively small proportion of total transmission in studies with randomly sampled study populations.
Recently, 4 important meta-analyses evaluating tuberculosis contact investigations have been published, all demonstrating that individuals in household contact with a person with tuberculosis have a high yield of tuberculosis infection and disease (26) (27) (28) (29) . The current analysis expands the scope of these studies by including control households and community tuberculin skin test surveys. With the added control group, we focused our analysis on the age-specific differences in the prevalence of tuberculosis infection in the households and the community. This difference was expressed as an odds ratio which can be interpreted as the odds of infection associated with household exposure compared with the odds of infection among community members in the same age category. The odds ratio was greater, sometimes much greater, than 1 for all included age groups, indicating that the household is a "hot spot" of intense transmission of M. tuberculosis.
We found that age of the child with household contact and sputum-smear status of the index case were influential predictors of increased yield of infection in case-contact groups compared with community-control groups. These results support current recommendations to perform contact investigations and provide preventive isoniazid therapy in households with smear-positive index cases and children younger than 5 years of age (63) . Despite significant differences between different age groups of children, our results also support an expanded implementation of current guidelines in older children. Contact investigations may identify young children, less than 5 years of age, with progressive primary disease (15, (64) (65) (66) and lead to appropriate antituberculosis therapy. However, children aged 5-14 years were also at increased likelihood of tuberculosis infection compared with community control groups in our analysis. Although these children may have a lower risk for progressive disease than younger children, they would likely benefit from treatment for latent tuberculosis, if present, and thereby reduce the risk of developing disease from recent exposure (67) . Protecting children at risk for tuberculosis transmission in households of index cases should be recommended and advocated for by policy makers, especially in developing countries (68) . Households clearly represent areas of intense transmission of M. tuberculosis, but the effect of this transmission on the Abbreviations: LTBI, latent tuberculosis infection; NP, not provided. a Year refers to the year in which the study was implemented. If study implementation was not specified, the date of publication was used. b Represented by millimeter induration recorded 48-72 hours after tuberculin skin test implementation. Gilpin et al. (35) is the only study that used the Heaf test, in which tuberculosis infection is measured by a grading system instead of millimeter induration.
c Represents the total number of household-contact or community-control participants in each study. d Represents the percent yield of latent tuberculosis infections in household-contact or community-control groups. e Multiple tuberculin skin tests used for positive classification based on group assigned. f This was a cross-sectional secondary analysis of a randomized clinical trial. g Countries included Gambia, Kenya, Uganda, Zanzibar, Tanganyika, and Sierra Leone. Abbreviations: BCG, bacillus Calmette-Guérin; CI, confidence interval; HIV, human immunodeficiency virus; OR, odds ratio. a The number of studies in each subgroup may exceed the total number of studies because a study may include multiple values of each subgroup. For example, a single study may have children in all age groups of 0-4, 5-9, and 10-14 years.
b Comparison of infection rates from contacts of smear-positive, culture-positive index cases versus smear-negative, culture-positive index cases. c Includes only studies with smear-positive, culture-positive index cases. d Year refers to the year in which the study was implemented. If study implementation was not specified, the date of publication was used. e Disease prevalence is per 100,000 persons. Only studies conducted in 1990 or afterward were included unless prevalence levels were given in the paper. f Income status was calculated based on the World Bank Income Classification (2015). Figure 2 . Forest plot of latent tuberculosis infection for children who were exposed to tuberculosis in the household and children who were not, from a meta-analysis of 26 studies published during 1929-2015. Squares with bars represent study-specific odds ratios (ORs) with confidence intervals (CIs), and the diamond represents the summary odds ratio estimate. A random-effects model with DerSimonian and Laird weights, equalizing the weight of the studies to the pooled estimate, was used to derive the summary estimate. Assessment of heterogeneity: I 2 = 93.6%; P = 0.000.
overall burden of disease in a community remains unknown.
Results from published studies vary. Investigators in Uganda suggest transmission might be primarily within households (15) , whereas studies from South Africa estimate that community transmission accounts for >80% of transmission (12, 17) . We found that the population attributable fraction of household exposure was <20%, meaning that less than 20% of transmission in a population occurs in households. The population attributable fraction takes into account both the magnitude of effect and the prevalence of the exposure-in this case, the presence of an individual with tuberculosis in the home. Our population attributable fraction estimate is low because the prevalence of household exposure at the population level is low. Because tuberculosis disease affects less than 1% of households in a community at any time, exposure opportunities between a person with tuberculosis and their social network outside the household are more numerous, influencing the proportion of M. tuberculosis transmission that occurs in the community.
The individual-and population-level epidemiologic parameters estimated in our study have important implications for public health; however, they should be interpreted cautiously. We found substantial heterogeneity when using all 26 studies and when we used a subset of 10 community-based studies. Some, but not all, of this heterogeneity was explained by stratification, random-effects models, or metaregression analysis. Enduring variability suggests that factors not investigated in this analysis-such as undocumented past household exposure among community controls, differences in the recruitment of control groups between studies, or the reliability of Figure 3 . Forest plot of latent tuberculosis infection in household-contact and community-control groups by the smear and culture status of the index case from a meta-analysis of 26 studies published during 1929-2015. Squares with bars represent study-specific odds ratios (ORs) with confidence intervals (CIs), and each diamond represents the summary OR estimate for the stratum above it. A random-effects model with DerSimonian and Laird weights, equalizing the weight of the studies to the pooled estimate, was used to derive each stratified summary estimate. Assessments of heterogeneity: sputum smear-negative, culture-negative index cases, I 2 = 72.9% (P = 0.005); sputum smear-negative, culture-positive index cases, I 2 = 87.7% (P = 0.000); sputum smear-positive, culture-positive index cases, I 2 = 90.6% (P = 0.000). Table continues readers of tuberculin skin tests-could be influencing the observed differences. Other meta-analyses addressing contact investigations have found similarly high heterogeneity, even after stratification (26) (27) (28) (29) . This may indicate that the significance of household transmission is largely reliant on local dynamics of tuberculosis transmission. Our study has other limitations. First, we pooled data only from observational studies, which may be subject to confounding. Abbreviations: BCG, bacillus Calmette-Guérin; CI, confidence interval; HIV, human immunodeficiency virus. a The number of studies in each subgroup may be greater than the total number of studies because a study may include multiple values of each subgroup. For example, a single study may have children in all age groups of 0-4, 5-9, and 10-14 years.
b Differences in latent tuberculosis between subgroups of studies were quantified using random-effects metaregression to estimate ratios of odds ratios. The multivariable metaregression model adjusted for the age of the household contact, smear and culture status of the index case, region in which the study was implemented, and the study design. Variables were chosen for inclusion in the multivariable model by use of the adjusted R 2 statistic, which represents the proportion of between-study variance explained by the model. The model that explained the most between-study variance was chosen.
c Includes only studies with smear-positive, culture-positive index cases. d Year refers to the year in which the study was implemented. If study implementation was not specified, the date of publication was used. e Disease prevalence is per 100,000 persons. Only studies conducted in 1990 or afterward were included unless prevalence levels were given in the paper.
f Income status was calculated based on the World Bank Income Classification (2015). Abbreviations: CI, confidence interval; PAF, population attributable fraction. a Only data from randomly sampled surveys were used. Case-control designs may incorrectly estimate the proportion of exposed (household contact) and/or unexposed (community control) populations in the community at large.
b Year refers to the year in which the study was implemented. If study implementation was not specified, the date of publication was used. Data from Madico were taken from a previous tuberculin survey. c P cases is the prevalence of household tuberculosis exposure among cases. d These are Wald confidence intervals that reflect the uncertainty around the prevalence ratio and the probability of exposure among cases.
Our effect sizes were large, however, and confounding is generally more of a concern when effect sizes are small (69) . Second, our assumption that household transmission occurred when an infected child had household tuberculosis exposure is most reliable for children of younger ages, because exposures outside the home increase with age. Third, children with household contact with a person with tuberculosis are more likely to receive isoniazid preventative treatment than community-control children, and therefore misclassification of uninfected case-contact children is possible. Finally, we used a subset of 10 papers when estimating the population attributable fraction; most of these papers came from high-burden countries, so the results may be less applicable in low-burden countries. Moreover, we were not able to stratify results because of the low number of studies and 2 clear outlier studies. Publication bias is possible in even the most thorough systematic review. A strength of our review is that our systematic search used multiple electronic reference databases with no restrictions by year of publication. A substantial number of important studies on tuberculosis were conducted in the first half of the 20th century (66), and we found and included several high-quality studies from before 1950. Furthermore, our team searched other literature, such as conference abstracts and dissertations. Our exhaustive search, in combination with symmetrical funnel plots and a statistically nonsignificant Harbord test, suggest publication bias did not have a strong impact on our results.
Our analysis indicates that households of tuberculosis index cases are areas of intense transmission. This high risk of infection acquired in the household was evident in countries of all income levels and over all time periods. Our analysis also suggests that at the population level, a sizeable portion of tuberculosis transmission occurs in the community. Contact investigations are clearly highly effective at finding vulnerable children at risk, even up to age 14 years, and must be further encouraged as part of tuberculosis control. However, to reduce the global incidence of tuberculosis to 1 case per million by 2050, to reach the goal set by the World Health Organization (70), additional methods of community-based prevention must be further studied and prioritized to supplement passive disease case-finding and household-contact investigation.
